In recent years, chemical transformation of inorganic solids has emerged as an attractive approach for nanostructure synthesis.
1,2 In addition to its utility in generating various nanoparticle materials -ranging from metal to semiconductor and to magnetic nanoparticles, this method has enabled the fabrication of new types of nanostructures with high compositional and structural complexity. For example, thermodynamically unfavorable hollow particles have been synthesized using chemical transformations, by exploiting the nanoscale Kirkendall effect 2-5 and non-equivalent stoichiometry [6] [7] [8] between solid 'precursor' nanoparticles and the incoming molecular species.
Moreover, ion exchange of inorganic solids has proven an effective tool for chemical transformation of nanoparticles. [9] [10] [11] For example, we recently reported that the addition of cations into a binary semiconductor nanoparticle solution induces conversion of the initial nanoparticle into another chemical species. 9, 12, 13 The resulting nanoparticles are both highly crystalline and are characterized by size and shape monodispersity.
Nanoscale heterojunctions 12 and 'barcodes' 13 could further be fabricated by varying the ion concentration.
In the examples mentioned above, rapid cation motion strongly influences the final composition and geometry. In the present work, we examine a case of anion rather After 20 min, the reaction flask was cooled to room temperature, washed with acetone, and centrifuged several times to generate nanoparticles in white precipitate form.
Additional details can be found in the Supporting Information.
When ion exchange of binary semiconductors is initiated on the surface, further exchange reaction requires diffusion of ionic reactants. Two possible scenarios may be identified: i) New ions diffuse inward to the parent nanoparticle continuously, 7 resulting in a directional migration of the reaction interface toward the core. Cation exchange reaction is such an example. ii) Inward ion diffusion is limited and core species diffuse outward, generating a void space inside the nanoparticle. Interestingly, unlike cation exchange reactions, the anion exchange of ZnO nanoparticles with molecular sulfur precursors follows the latter case, described in detail below. Figure 4d) indicate that the shell now forms ZnO x S 1-x alloys as a result of ZnO diffusion into ZnS shells.
From our structural and composition analyses of partially and fully converted nanoparticles, we propose the following anion exchange reaction mechanism: initially, thin layers of ZnS grow epitaxially onto the ZnO core through the surface anion exchange reaction, which generate a highly strained interface between the ZnO core and the ZnS shell. To release this interface energy, the ZnO core spontaneously diffuses into the ZnS shell, which is finally exchanged with sulfur precursors at the outer shell surface, forming fully converted ZnS hollow nanoparticles.
In summary, we have demonstrated anion exchange of binary ZnO semiconductor nanoparticles. Unlike cation exchange, the anion exchange is accompanied by the nanoscale Kirkendall effect, yielding hollow nanoparticles. Parentparticle shape, single crystallinity, and orientation of the transformed particles are completely preserved through this hetero-epitaxial anion exchange reaction. Our anion exchange can be extended to other binary or tertiary nanoparticles, to produce high quality, single crystalline hollow nanoparticles. 
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